eurysms due to turbulence or low flow in the vascular lumen when this modality was used. Therefore, MR angiography is not likely consistently to demonstrate aneurysms less than 3 mm in diameter.
On the other hand, 3D-CT angiography can be used to examine patients immediately after unenhanced CT scanning is performed and can reduce the examination time, even in uncooperative or comatose patients. It has been reported that the diagnostic ability of 3D-CT angiography is higher than that of conventional angiography. 29, 38, 41 In our preliminary study of 60 patients with ruptured aneurysms evaluated prospectively both with 3D-CT and conventional angiography, with 3D-CT angiography we detected all the ruptured aneurysms that we did with conventional angiography, and demonstrated a 100% diagnostic accuracy of the newer modality in ruptured aneurysms. 41 In the diagnosis of associated unruptured aneurysms, 3D-CT angiography allowed us to visualize a 0.8-mm aneurysm of the ACoA, which was confirmed during the operation, but conventional angiography failed to demonstrate it. These results indicated that the diagnostic accuracy of 3D-CT angiography was equal or superior to conventional angiography. 29, 41 In several studies high sensitivity and specificity of 3D-CT angiography have been shown in the detection of cerebral aneurysms. 2, [38] [39] [40] Although in some institutions aneurysm surgery is recommended on the basis of 3D-CT angiography findings alone, 2, 29, 40, 41 there has been no systematic evaluation of whether the surgery for a ruptured aneurysm can be performed on the basis of 3D-CT angiography-derived information without conventional angiography. This is because the reported studies were conducted in small series and there is not complete consensus for surgery based solely on 3D-CT angiography.
Based on the results of our previous study, we have performed surgery in 100 patients with acutely ruptured aneurysms with the aid of 3D-CT angiography, usually without conventional angiography, since December 1996. In the present study, we discuss whether 3D-CT angiography can replace conventional angiography and whether the surgery can be performed successfully in patients with ruptured aneurysms by using 3D-CT angiography findings alone.
Clinical Material and Methods

Patient Population
A total of 105 patients with SAH have been admitted to our hospital since December 1996. Their lesions were diagnosed from evidence of subarachnoid hematoma on unenhanced CT scans, or by blood, including xanthochromia, in the cerebrospinal fluid at lumbar puncture if there was no evidence of hemorrhage on unenhanced CT scans. Of the 105 patients, five were excluded from the study because their condition was too critical for us to perform 3D-CT angiography. The population enrolled in this study was therefore 100 patients. Of these, 46 were men and 54 were women whose ages ranged from 25 to 90 years (mean 54.7 years). Informed consent was obtained from the patients or their relatives if the patients had difficulty in responding on their own.
We performed 3D-CT angiography within 24 hours after the initial bleeding. In one patient the procedure was repeated after 60 minutes because of the poor quality of the initial images due to the patient's movement. All ruptured aneurysms were surgically treated within 72 hours after the onset of bleeding. Each patient's clinical condition was classified just before surgery based on Hunt and Kosnik grades, 20 the World Federation of Neurosurgical Societies grading scale, 6 and the classifications of Fisher, et al., 8 for CT findings (Table 1) . We used a helical CT scanner (Toshiba X vigor; Toshiba Corp., Tokyo, Japan) to perform 3D-CT angiography. Patients were first evaluated with an unenhanced CT scan followed immediately by a helical CT scan. During unenhanced and helical CT scanning, mild sedative drugs were given to patients who were unable to remain motionless during the examinations. A lateral scout view was obtained to set the scan area of a 70-mm FOV from just above the posterior arch of C-1, parallel to the orbitomeatal line. The FOV included the area from the distal ACA (A 3 ) and the MCA (M 3 ) to the VA proximal to the branch of the posterior inferior cerebellar artery. The setting of the FOV was adjusted in cases in which it would not include the suspected target lesion on unenhanced CT scans.
The scan parameters were as follows: 135 kV; 200 mA; 1-mm slice thickness; 1 mm/sec table speed; 0.5 mm reconstruction pitch; 180˚ reconstruction interposition; and a 1024 ϫ 1024 matrix. Nonionic contrast medium (Iomeprol [Iomeron, 350 mg/ml] or Iopamidol [Iopamilon, 370 mg/ml]) was injected continuously at a rate of 3 ml/second for the first 60 ml, then at 2 ml/second for the remaining 40 ml, for a total volume of 100 ml, through a 20-gauge needle inserted in the antecubital vein by a power injector (Nemoto Kyorindo, Tokyo, Japan). The two-phase injection provided us with a high Hounsfield unit value during helical scanning. The scanning started 20 seconds after the start of injection. In patients with tachycardia or bradycar-
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Source images thus obtained were transferred to the workstation (X Link; Toshiba Corp.) dedicated to the helical scanner. A volume-rendering method was used for the extraction of cerebral arteries at the threshold of 100 HU. When necessary, the threshold was adjusted to visualize the satisfactory images. We routinely obtained 12 basic images (Fig. 1) , which consisted of 11 projected 3D-CT angiography studies and an MIP image. We have used these basic images to avoid missing possible aneurysm sites. Additional views were acquired when needed. The 3D-CT angiography studies targeted to the lesion and its surrounding area were also produced. More than two senior neurosurgeons diagnosed the presence and location of cerebral aneurysms. The diagnosis of a ruptured aneurysm was confirmed by operative findings, and its size was measured directly during the operation. The size of unruptured aneurysms that were not confirmed at surgery was measured on 3D-CT angiography studies.
Results
Using 3D-CT angiography, we detected 100 ruptured and 41 unruptured aneurysms. The distribution of the aneurysms' location and size are shown in Table 2 . Conventional angiography was performed in seven of the 100 patients after they had undergone 3D-CT angiography because there were four patients with dissecting VA aneurysms in whom we needed information on true and false lumens of the VA that 3D-CT angiography had not provided. In two patients with a BA tip aneurysm, conventional angiography was used to find the anatomical course of the vein of Labbé for the surgical approach because we had not been able to visualize it on 3D-CT angiography during earlier series in this study. However, we have performed surgery in BA tip aneurysms on the basis of 3D-CT angiography alone because we could visualize the vein by using this modality (Fig. 2 ). In the remaining patient, who had a 0.8-mm BA-SCA aneurysm detected on targeted 3D-CT angiography (Fig. 3) , conventional angiography was performed to verify the diagnosis; the aneurysm was confirmed at surgery. The examination time, from unenhanced CT to acquisition of the basic 12 images for a patient, was approximately 25 minutes; another 25 minutes was necessary for reconstructing the targeted and surgical simulating images. All ruptured aneurysms confirmed at
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Acute aneurysm surgery with 3D-CT angiography alone surgery were successfully treated. The diagnostic accuracy of 3D-CT angiography for detection of ruptured aneurysms was 100% compared with the surgical findings. At surgery, we also confirmed the presence of 20 of 41 unruptured aneurysms detected on 3D-CT angiography. The remaining 21 lesions were not verified because the operative field for ruptured aneurysms was not the same as that for unruptured aneurysms. In the case of an unruptured MCA aneurysm that was 4.5 mm in diameter, the second operation was performed 2 months after the first one. During surgery of ruptured aneurysms, we encountered no incidental unruptured aneurysms that might not have been visualized on 3D-CT angiography.
Information from 3D-CT angiography allowed us to understand the configuration of the aneurysm, the relationship of its neck to the parent and surrounding arteries, and its relationship to the skull. Likewise, MIP images provided us with information on calcification of the aneurysm wall and neck. Furthermore, surgical simulation images were especially helpful for making decisions on the most appropriate surgical approach, and for their orientation during operation. The 3D-CT angiography and surgical findings were identical (Fig. 4) . Small perforating arteries less than 1 mm in diameter, such as the recurrent artery of Heubner, the anterior choroidal artery, and thalamoperforating arteries, were not consistently visualized on 3D-CT angiography. The lack of information on conventional angiography did not lead to any neurological deficits or difficulties in the surgical procedures. Likewise, insufficient information on small perforating arteries did not affect the outcomes. The preoperative Hunt and Kosnik 20 grades and the outcomes in previous (60 patients) and present studies (93 patients, excluding seven in whom 3D-CT angiography and conventional angiography were both performed) are shown in Table 3 . There were no complications associated with the performance of 3D-CT angiography.
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Discussion
Advantages of 3D-CT Angiography
We have found 3D-CT angiography to be a simple, reliable, quick, and minimally invasive imaging modality that will reduce the risk of complications caused by conventional angiography 40 and shorten the time between the patient's arrival at the hospital and the operation, with the result that the rebleeding rate will surely be decreased. We analyzed the rate of rebleeding of the ruptured aneurysms during the helical CT scanning and conventional angiography, and the results were 0% (none of 160 cases) and 1.5% (five of 317 cases), respectively. Time is also important in patients with SAH. Another advantage is that the radiation dosage is less than that of routine CT scanning or equivalent to a single projection of one arterial injection during conventional angiography. 10 Furthermore, the cost of CT angiography is half that of conventional angiography.
In published reports, 3D-CT angiography has been found to be superior to conventional angiography in depicting an aneurysm's shape, its relation to surrounding vessels and the adjacent skull, and in demonstrating the anatomical variation of vessels.
1,2,13,14,29,40,41 The facility for rotating the 3D-CT angiography device from any angle desired is of particular value in cases that are difficult to assess on conventional angiography. 29, 37 Furthermore, 3D-CT angiography produced additional 3D information for evaluating the neck of the aneurysm, which could not be assessed using conventional angiography, 31,37 providing useful surgical information, such as the presence of calcification of the aneurysm neck and its anatomical relationship to the skull. 2 For example, the views from the bottom and possible surgical views are easily obtained with 3D-CT angiography but are difficult with conventional angiography. 37 The ability to rotate an aneurysm in multiple projections by using 3D-CT angiography may provide significant information regarding the size of the lesion's neck and the relationship of the aneurysm to the parent vessel and contiguous branches. 2, 29 The surgical simulation images are especially useful and give the correct orientation to approach an aneurysm.
29,41
Detectability of Cerebral Aneurysms
For the surgery of aneurysms based on 3D-CT angiography alone, high diagnostic accuracy compatible with conventional angiography is definitely needed. In our preliminary study, all the ruptured aneurysms detected on 3D-CT angiography were confirmed at surgery. 29, 41 This perfect diagnostic accuracy allowed us to proceed with the aneurysm surgery by using only the information from 3D-CT angiography. The majority of studies show that the sensitivity of 3D-CT angiography varies from 96 to 100% and is comparable with that of DSA. The sensitivity in our series was 100%, and seems to be in accordance with the literature. 39, 43 A number of investigators have stated that 3D-CT angiography sometimes can reveal an aneurysm that conventional angiography cannot. 5, 14, 19, 44 In our investigations, including our previous study, a 0.8-mm ACoA aneurysm detected on 3D-CT angiography was not visualized on conventional angiography. 29 , 41 Hashimoto, et al., 14 reported on six small (2.5-3 mm) ruptured aneurysms that were not revealed on DSA but were on 3D-CT angiography. Five of the six aneurysms were located on the ACoA and one was an MCA aneurysm. An ACoA aneurysm is difficult to delineate because of its complicated anatomical variations. 31 In such cases, additional targeted 3D-CT angiography studies make it easy to understand and provide a definitive diagnosis, from which we infer that the use of targeted 3D-CT angiography facilitates the diagnosis. Moreover, the 360˚ rotation of the 3D-CT angiography view is particularly useful in such cases, 43 and makes the complicated structures of vessels easy to understand.
The minimum size of an aneurysm detected on 3D-CT angiography varies depending on the helical scanner used. According to various studies, the smallest aneurysm detected on 3D-CT angiography is likely to be approximately 2 mm in diameter; 1, 19, 26, 31, 43, 44 aneurysms as small as 1 mm were not usually detected with this modality. 31 In our series, however, the smallest aneurysm visualized on 3D-CT angiography was 0.8 mm in diameter. 29, 41 Therefore, our results were superior to those reported in the previous studies. These variations in detectability may be caused by technical differences. We used a 0.5-mm reconstruction pitch, a two-phase injection of contrast medium, and a setting of the optimal scan delay time that might influence the spatial resolution. Neurosurgeons and radiologists who have extensive experience with 3D-CT angiography also might improve the diagnostic accuracy. With greater experience and practice the diagnostic sensitivity for smaller aneurysms can be improved.
Nakano, et al., 32 examined the demonstrability of small arteries by using the same parameters as in this study, and showed that the delineation of arteries 1 mm, 0.75 mm, and 0.5 mm in diameter was 70 to 80%, 20 to 30%, and less than 10%, respectively. Their results indicate that the limitation of aneurysm size demonstrated on 3D-CT angiography may be from 1 to 0.75 mm. It is also difficult to demonstrate aneurysms of these sizes clearly on conventional angiography. Small vessels in the 1-mm range are not visualized as distinctly on 3D-CT angiography as with the latest DSA device, in which a 1024 ϫ 1024 matrix is used.
3,13,36
Surgery Based on 3D-CT Angiography Alone in Patients With SAH
As described earlier, 3D-CT angiography must be a high-quality modality to depict both the aneurysm and the parent artery precisely. Our previous study of 60 patients revealed a high diagnostic accuracy that was equal or superior to conventional angiography. 29, 41 No false-negative cases were identified except for a 0.5-mm spherical incidental aneurysm arising from the ICA-PCoA, which was not detected on conventional angiography either, but was found incidentally during surgery. 29, 41 Furthermore, conventional angiography provided no additional useful information for the operation. The assessment of the 100 patients proved the excellent quality of 3D-CT angiography.
Of 44 patients who were surgically treated, Velthuis, et al., 40 performed surgery in 23 (52%) on the basis of 3D-CT angiography findings alone. The reason they used additional DSA was because of the poor quality of the 3D-CT angiography studies they used. The DSA was needed to obtain a diagnosis for aneurysms 2 to 3 mm in size that 3D-CT angiography did not reveal and to demonstrate the surrounding arteries. Likewise, in two cases of BA tip aneurysms and one BA-SCA aneurysm, we added conventional angiography to gain information on the vein of Labbé for surgery. However, 93 of the 100 patients underwent surgery on the basis of 3D-CT angiography findings alone. The differences between the series of Velthuis, et al., 40 and ours in the operation rate guided by 3D-CT angiography alone may be caused by various factors, such as parameters of data acquisition or methods of 3D-CT angiography image creation. This is also due to the neurosurgeon's judgment of the feasibility of surgery based on 3D-CT angiography studies as preoperative neuroimaging. Increased experience with the use of 3D-CT angiography alone for operative planning would probably increase the sensitivity of the test for aneurysm detection.
Although it has been reported in several recent papers 40, 44 that 3D-CT angiography could replace conventional angiography as the preoperative neuroimaging method of choice in a substantial proportion of patients with ruptured intracranial aneurysms, no investigators have yet determined whether aneurysm surgery can be performed on the basis of 3D-CT angiography findings alone. A number of authors have proposed that surgery based solely on 3D-CT angiography findings is possible and might be indicated in acutely deteriorating patients with ruptured aneurysms associated with large intracranial hematomas. 25, 35 We also treated an emergency case of a ruptured MCA with a large temporal hematoma, in which we performed surgery without conventional angiography. 41 Undoubtedly, conventional angiography should be forgone in this type of urgent aneurysm surgery.
To our knowledge, this study is the first in which aneurysm surgery has been performed on the basis of 3D-CT angiography findings alone in a large consecutive series of patients with SAH, except in rapidly deteriorating patients. Most investigators contend that when surgery proceeds on the basis of 3D-CT angiography findings alone, 2, 44 there is a risk that a small unruptured aneurysm may be missed, suggesting that nearly 100% diagnostic sensitivity is necessary for 3D-CT angiography. In our series, including the previous and present studies, 3D-CT angiography yielded a 100% diagnostic accuracy for ruptured aneurysms and no false-negative ruptured aneurysms. The excellent quality of and detectability of lesions on 3D-CT angiography views enables the aneurysm surgery to be performed on the basis of this modality alone.
On the other hand, 3D-CT angiography has some limitations when compared with conventional angiography. First, vessels that are smaller than 1 mm in diameter, such as perforating arteries, are not consistently visualized on 3D-CT angiography. It is certainly very important to identify these perforating arteries for surgery; however, conventional angiography is not always able to demonstrate all of them either. Therefore, the surgeon must endeavor to confirm them with the aid of an operating microscope as much as possible. It is most important to be able to diagnose precisely the presence of aneurysms without fail. Second, the simultaneous demonstration of both arteries and veins on 3D-CT angiography makes their discrimination difficult. However, these images combining the arteries and veins are useful for the surgeon in understanding the surgical orientation. On the contrary, conventional angiography cannot be used to visualize arteries and veins simultaneously. Third, 3D-CT angiography does not supply dynamic information on the cerebral circulation, such as collateral flow. 31 Last, the aneurysms located close to the skull base may not be visible against the bone structures (Fig. 5) , 2, 29, 38 which is a disadvantage when using 3D-CT angiography, but the information on the 3D anatomical relation of the aneurysm to the bone can be an advantage during surgery.
Considering the aforementioned characteristics of 3D-CT angiography, we believe that surgery for almost all ruptured aneurysms can be performed using this modality alone, except for the following instances in which conven-tional angiography is required. 1) In patients in whom cerebral infarction is found on unenhanced CT scans, conventional angiography is required to evaluate stenotic or occlusive lesions of the intracranial arteries, cervical carotid arteries, or VAs. 2) In giant or large aneurysms, the hemodynamic information provided by conventional angiography is necessary for bypass surgery. 3) For aneurysms close to bone structures, such as an ICA-ophthalmic artery aneurysm, it is necessary to obtain a precise diagnosis. 4) In patients with dissecting aneurysms, conventional angiography findings of true and false lumen are needed for surgical treatment (Fig. 6) . 5) In patients who have discrepancies between the distribution of SAH on CT scans and the location of the aneurysm on 3D-CT angiography, it is necessary to confirm whether there is another aneurysm in the area in which SAH has been demonstrated.
Conclusions
In this study, we compared the findings on 3D-CT angiography with those at surgery, and determined whether in surgery for ruptured aneurysms we could dispense with the use of conventional angiography. All ruptured aneurysms were confirmed at surgery and treated successfully without complications. We conclude that by using highquality 3D-CT angiography images we can omit conventional angiography except in special cases of surgery for ruptured aneurysms. Therefore, 3D-CT angiography is still a promising new technology and will become an indispensable tool for diagnosing cerebral aneurysms in the near future.
